Abstract The pentablock (PB) copolymers based composite nanosystems were designed to provide a long-term delivery of macromolecules to the back of the eye. A unique arrangement of each block (polyethylene glycol, polylactic acid, and polycaprolactone) with various molecular weights (PB-A and PB-B) was selected for the synthesis of nanoparticles (NPs) and thermosensitive gel (PB-C) by sequential ringopening bulk copolymerization reaction. PB copolymers were characterized for their molecular weight and purity by 1 H-NMR spectroscopy and crystallinity by PXRD. The macromolecule model drugs [lysozyme (Lyz~14.5 kDa), IgG-Fab (~50 kDa), and IgG (~150 kDa)] were selected to delineate the effect of molecular weights on in vitro release profile of nanoformulations. Lyz-, Fab-, and IgG-encapsulated NPs were prepared by double emulsion solvent evaporation method. The entrapment efficiency (EE%) and drug loading (DL%) of macromolecules was higher for PB-B copolymers due to its higher molecular weight and hydrophobicity compare to PB-A. The particle size range of NPs was~200-270 nm. In vitro release profiles of Lyz-, Fab-, and IgGencapsulated in NPs alone and NPs suspended in gel (composite nanosystem) demonstrated a minimal burst release and drug release over a long period. The effect of hydrodynamic diameter of macromolecules and hydrophobicity of PB copolymers was investigated on the release profile of nanosystems. In vitro biocompatibility study showed negligible cytokine (IL-1, IL-6, and TNF-α) release, which confirmed the safety of the PB copolymers. Based on the results, it is anticipated that long-term ocular delivery of macromolecules can be achieved through composite nanosystems.
Introduction
The normal aging process of the eye is characterized by a continuous loss of photoreceptors (PRs), Bruch's membrane thickening, choroid thinning, scleral stiffening, vitreous degradation, and accumulation of debris. Among the posterior eye diseases, diabetic retinopathy, macular edema, and macular degeneration are the leading causes of age-related vision loss [1, 2] . Macular degeneration occurs when a small area in the retina (macula) deteriorates. It is age-related degenerative process, hence referred as age-related macular degeneration (AMD) and damages the retinal pigment epithelium (RPE) and PR [3] . With progression, AMD can be classified into the dry-and wet-forms based on the absence or presence of vascular growth progression from the choroidal side toward the retina. It is further subdivided into non-neovascular (NNV) (dry AMD) and neovascular (NV) (wet-AMD) AMD [4] . In wet-AMD, new blood vessels from the choroid may leak, resulting in macular edema. If left untreated, the Nikhil Dhall, Zach Aulgur, and Siddhant Thukral contributed equally to this work. degradation of the matrix. Based on the tunable properties of these polymers, various tailor-made combinations on the basis of different molecular weight, ratios, and arrangements can be designed to achieve a particular release rate. Moreover, block copolymers are amphiphilic in nature, rendering these materials suitable for protein delivery.
Therefore, the objective of the current work is to synthesize copolymers of unique ratios and molecular weights consisting the PEG, PLA, and PCL blocks for controlled and long-term delivery of macromolecules. The hypothesis of this project is centered on determining the effects of hydrophobicity and molecular weight of copolymers in NPs formulation, drug encapsulation efficiency, and the drug release profiling. To the best of our knowledge, this is the first investigation that has been performed to compare the effect of hydrodynamic diameter of macromolecules, polymer arrangements (various ratios and molecular weight), and hydrophobicity of polymers on the release profile of macromolecules. Furthermore, in order to minimize the burst release and to achieve a controlled long-term drug release profile, novel composite nanosystems comprising drug-loaded NPs embedded in the thermosensitive gelling copolymer were designed (composite nanosystem schematic representation figure). The physicochemical characterization of nanoformulations in addition to the biocompatibility studies of copolymers were performed to ensure their safety in ocular applications.
Materials and methods

Materials
Poly (ethylene glycol) (PEG, 4 kDa), methoxy-PEG (550 Da), stannous octoate, ε-caprolactone, poly (vinyl alcohol) (PVA), lipopolysaccharide, and Micrococcus luteus were procured from Sigma-Aldarich (St. Louis, MO). L-lactide and hexamethylenediisocynate (HMDA) were purchased from Acros organics (Morris Plains, NJ). Micro BCA™ assay kit was obtained from Fisher scientific Inc., (Rockford, IL). Mouse tumor necrosis factor alpha (TNF-α), Interleukin 6 (IL-6), Interleukin 1 beta (IL-1β), and enzyme-linked immunosorbent assay (ELISA) kit were purchased from eBioscience Inc., (San Diego, CA). All other reagents used in this study were of analytical grade.
Methods
Synthesis of PB copolymers
PB copolymers i.e., poly (caprolactone)-poly (lactic acid)-poly (ethylene glycol)-poly (lactic acid)-poly (caprolactone) (PCL-PLA-PEG-PLA-PCL i.e., PB-A and PB-B) and poly (ethylene glycol)-poly (caprolactone)-poly (lactic acid)-poly (caprolactone)-poly (ethylene glycol) (PEG-PCL-PLA-PCL-PEG i.e., PB-C) were synthesized by two steps sequential ring-opening bulk copolymerization method [11, 12] . The PB-A and PB-B copolymers were similar in block arrangements, but, have different molecular weights. PEG (4 kDa) and stannous octoate were used as macroinitiator and catalyst, respectively.
In the first step, triblock (TB) copolymers PLA-PEG-PLA (Fig. 1, Step 1 ) of different molecular weights [(PLA 3000 -PEG 4000 -PLA 3000 and PLA 6000 -PEG 4000 -PLA 6000 )] were synthesized by polymerization of PLA at two open hydroxyl ends of the PEG. Lactic acid and stannous octoate (0.5% w/w) were added to anhydrous PEG while the temperature was raised to 150°C. After 24 h, the reaction mixture was dissolved in dichloromethane (DCM) followed by precipitation in cold petroleum ether. The precipitated TB copolymer was filtered and dried overnight using high speed under vacuum at room temperature (Rotatory evaporator, BUCHI Labortechnik AG, Flawil, Switzerland). In the second step, PLA-PEG-PLA (TB) copolymers and ε-caprolactone were placed in a round bottom flask under the inert condition and temperature was raised to 150°C (Fig. 1, Step 2). To this reaction mixture, stannous octoate (0.5% w/w) was added and the reaction was allowed to run for 24 h. Subsequently, PB copolymer (Table 1) was purified by the cold ether precipitation method as described in the first step. The final product was dried under vacuum and stored at − 20°C until further use.
To synthesize the thermosensitive gelling copolymer (PB-C), TB copolymer (mPEG 550 -PCL 825 -PLA 250 ) was first synthesized by ring-opening bulk copolymerization as described earlier (Fig. 2) . The polymerization of ε-caprolactone was performed at the hydroxyl terminal of mPEG (550 Da) which was followed by another polymerization with L-lactide. The resulting TB copolymer was coupled with PLA using HMDI as a linker. The coupling reaction was carried out at 70°C for 8 h. The gelling copolymer was purified by cold ether precipitation followed by drying under vacuum and stored at − 20°C (16). Characterization of TB and PB copolymers Proton nuclear magnetic resonance spectroscopy The synthesized copolymers were characterized for their molecular weight and purity by proton nuclear magnetic resonance ( Powder X-ray diffraction analysis The crystallinity of copolymers was determined by powder X-ray diffraction analysis (PXRD) analysis with Rigaku MiniFlex automated X-ray diffractometer (Rigaku, The Woodland, TX). The instrument was equipped with Ni-filtered Cu-Kα radiation (30 kV and 15 mA). The analysis was performed at room temperature at the scanning rate of 5°/min.
Phase transition (gelation) study of thermosensitive gelling copolymer The sol-gel transition behavior of PB-C gelling copolymer was examined by the test tube inverting method [11] . Briefly, the copolymer was dissolved in phosphate buffer saline (PBS, pH 7.4) at various concentrations ranging from 10 to 30 wt% and incubated for 12 h at 4°C. Afterwards, 1 ml of PB-C copolymer solution was placed in a 4 ml glass vial and put in a water bath. The temperature of the bath was raised slowly from 10 to 60°C at the rate of 1°C increment/min. The gel formation was observed visually by inverting the glass vials. A physical state of flow was characterized as sol-phase, whereas, a state of no flow was considered as the gel-phase.
In vitro biocompatibility studies
Mouse macrophage cells (RAW-264.7) were maintained according to the American Type Culture Collection (ATCC) guidelines at 37°C, 5% CO 2 and 95% humidified atmosphere for 48 h. The PB copolymers (PB-A, PB-B, and PB-C) were dissolved in acetonitrile at the concentration of 25 mg/ml. Two ) were seeded in each well of the cell culture plate and incubated for 24 h at 37°C and 5% CO 2 . After completion of the incubation period, cell supernatants were analyzed for the presence of TNF-α, IL-6, and IL-1β cytokines. Lipopolysaccharide (LPS) was selected as positive control, whereas, cells without any treatment were considered as negative control. Cytokines levels (in pg/ ml) were measured by ELISA method according to the manufacturer's protocol (e-Biosciences, San Diego, CA). Standard calibration curves for TNF-α, IL-6, and IL-1β were prepared in the concentration ranges of 10-750 pg/ml, 5-500 pg/ml, and 10-500 pg/ml, respectively, [11] .
Formulation of PB-NPs
Lyz-, Fab-, and IgG-encapsulated NPs were prepared by water in oil in water (W 1 /O/W 2 ) double emulsion solvent evaporation method using PB-A and PB-B copolymers [11, 12] . Briefly, Fab containing aqueous solution (W 1 phase) was emulsified in the organic phase (DCM) comprising PB-A or PB-B copolymer by drop-wise addition to the aqueous phase containing 2% w/v polyvinyl alcohol (PVA). This was subjected to probe sonication for 30 s at 2 W output to form a W 1 /O primary emulsion. The resulting primary emulsion was then added drop-wise to 5 ml of 2% w/v PVA solution (W 2 phase) under constant sonication for 60 s at 2 W output to prepare a W 1 /O/W 2 double emulsion. To avoid the excessive heating and any possible degradation of macromolecule, emulsion preparation was carried out in ice-bath. The double emulsion was stirred at room temperature for 30 min followed by evaporation of DCM under vacuum using a rotatory evaporator to formulate the NPs. The emulsion containing NPs was centrifuged for 30 min at 20,000 rpm and 4°C followed by two washing cycles with distilled deionized water (DDW). The Lyz-loaded PB-A-based NPs and IgGloaded PB-B-based NPs were formulated according to the similar protocol. Finally, the Lyz, Fab-and IgGloaded NPs were freeze-dried in the presence of 5% w/w mannitol (as a cryoprotectant) and stored at − 20°C until further use.
Physicochemical characterization of NPs
Particle size and polydispersity index (PDI) Freeze-dried NPs were dispersed in DDW at the concentration of 1 mg/ml and analyzed for particle size distribution using the Zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK) at 90°scattering angle. The NPs samples were analyzed in triplicate (n = 3).
Percent entrapment efficiency (EE %) and drug loading (DL %) Lyz-, Fab-, and IgG-encapsulated freeze-dried NPs were examined for their entrapment EE and DL by estimating the amount of protein in the supernatant obtained from NPs preparation. Micro BCA™ protein estimation kit was employed for the estimation of total protein. The samples were analyzed by a DTX 800 Multimode microplate reader (Beckman Coulter, Brea, CA). The standard curves of respective macromolecules (Lyz, Fab, and IgG) ranging from 3.125 to 200 μg/ml were prepared in DDW. The following Eqs. 1 and 2 were applied for the calculation of EE (%) and DL (%), respectively 
In vitro drug release studies
The PB copolymer based NPs were characterized for their ability to release the Lyz, Fab, and IgG from native NPs and NPs suspended in thermosensitive gelling copolymer (composite nanosystem). In order to conduct the in vitro drug release studies, 1 mg of each of Lyz, Fab, and IgG equivalent freeze-dried NPs was suspended in 1 ml of phosphate buffer saline (PBS; pH 7.4). The resulting NP suspension was then incubated in a water bath equilibrated at 37°C. At predefined time intervals, the suspension was centrifuged at 12,000 rpm for 30 min. Two hundred microliters of supernatant was collected and replaced with the same volume of PBS. NPs were then resuspended and the release study was continued at 37°C. In a second set (composite nanosystem) of in vitro release studies, 1 mg equivalent of Lyz, Fab, and IgG containing NPs was suspended in 100 μl of an aqueous solution of thermosensitive gelling copolymer (PB-C; 15 wt%). The resulting suspension was incubated in an Eppendorf tube at 37°C for 30 min. Once the gel was formed, an aliquot (1 ml) of PBS (pre-incubated at 37°C) was slowly added. At predetermined time intervals, 200 μl of supernatant was collected and replaced with the same volume of fresh PBS (pre-incubated at 37°C). The drug release samples were analyzed by Micro BCA™ assay for total protein content according to the supplier's instructions (Fisher scientific, Rockford, IL). In vitro release experiments were performed in triplicate (n = 3) and expressed as percent cumulative drug release with time.
In vitro drug release kinetics
In order to delineate the release kinetics mechanisms of Lyz, Fab, and IgG from NPs and composite nanosystem, release data were fitted to First-order, Higuchi, Hixon Crowell, and Korsmeyer-Peppas models as given by Eqs. 3, 4, 5, and 6, respectively.
In these equations, Q t is the amount of drug released at time t, Q 0 is the initial amount of drug in solution, K 1 is first-order release constant, K H is the Higuchi release rate constant, K hc is Hixon Crowell release rate constant, Q t /Q ∞ is the fraction of drug released at time t, Q ∞ is the total amount of drug released, and k is a kinetic constant. The constant n is the release exponent explaining the drug release mechanisms and classified as Fickian diffusion (n ≤ 0.5), case-II transport (n = 1), anomalous transport (0.5 < n < 1), and super case-II transport (n > 1) [11, 17] .
Estimation of enzymatic activity of Lyz
The enzymatic activity of Lyz in the released samples was estimated by comparing with freshly prepared Lyz solutions and/or control samples. The controls were prepared with Lyz solution incubated at 37°C in PBS (pH 7.4). These solutions were parallel to the in vitro release study from composite nanosystem. In order to determine the enzymatic activity of Lyz, a stock solution of Micrococcus luteus (0.01% w/v) was prepared with phosphate buffer (66 mM, pH 6.15) and diluted to achieve the absorbance between 0.2-0.6 at 450 nm. One hundred microliters of samples, standards, and controls were mixed with 2.5 ml of Micrococcus luteus suspension. The absorbance was measured at 450 nm over a period of 4 min at room temperature. Data were plotted for absorbance against Fig. 4 Powder X-ray diffraction analysis of a TB-A and PB-A b TB-B and PB-B, and c PB-C; (PB-C is reproduced with permission from Ref. 11) time and slope was calculated to quantify the amount of Lyz in enzyme unit (EU). The EU units of Lyz (active) per mg of protein were calculated from the following Eqs. 7 and 8 [16] .
Units of Lyz in one ml of sample
Units of Lyz mg of sample ¼ Units pf Lyz in one ml of sample mg of Lyz in one ml sample ð8Þ
As per the definition of Lyz, one EU of enzyme is able to produce ΔAbs 450nm of 0.001 per minute at pH 6.15 and 25°C utilizing Micrococcus luteus suspension. The number 0.1 represented the volume of release samples, standards, or controls and df depicts the dilution factor. The biological activity observed for the release samples were compared with the respective controls at the same time points.
Statistical analysis
The experimental values were represented as mean ± standard deviation (SD) of triplicate determinations (n = 3), unless otherwise specified.
Results and discussion
Synthesis and characterization of copolymers
Synthesis of TB and PB copolymers
The PB-A, PB-B, and PB-C copolymers were successfully synthesized by ring-opening bulk copolymerization of ε-caprolactone and L-lactide. The resulting TB-A and TB-B copolymers were composed of a PEG central block bearing two PLA sequences at both ends. The purified TB-A, TB-B, and TB-C copolymers were then utilized for the synthesis of respective PB copolymers as depicted in Figs. 1 and 2 , respectively. (Fig. 3a) . Typical signals at 1.50 (−CH 3 ) and 5.17 (−CH) ppm were assigned to the PLA blocks. Figure 3b represented the 1 H-NMR spectrum of PB-C thermosensitive gelling copolymer. The peaks a, b, and c were assigned as -CH 2 -protons of the PCL block, while peaks e and f represented the -CH 3 and -CH-groups of the PLA block, respectively. The ratio of mPEG and ε-caprolactone was computed through the proton integration ratio of -CH 2 -proton peak at 3.65 (d) and 2.3 (c), respectively, whereas for L-lactide it has been computed through -CH-proton peak at 5.10 (f). The molecular weights (Mn) of PB copolymers were similar to their theoretical molecular weights (Table 1) . In this study, the theoretical molecular weights of copolymers were mentioned instead of their calculated molecular weights.
Characterization of TB and PB copolymers
PXRD analysis Interestingly, TB-1 and TB-2 (PLA-PEG-PLA) copolymers exhibited crystalline peaks at 2θ = 16°, 19°, and 23°, but, in PB-A and PB-B, the crystalline peaks of PCL were shifted to 2θ = 20.5°and 2θ = 21.5°a s represented in Fig. 4a , b, respectively. PXRD patterns of TB-A and TB-B indicated that PLA blocks retained their semi-crystalline structure, even after the covalent conjugation with the PCL blocks. Conjugation of PCL blocks at the terminals of TB-A and TB-B copolymers exhibited a shift in the intensity of the crystalline peak showing the semi-crystalline structures of PB-A and PB-B copolymers. Thus, the crystallinity of copolymers was easily controlled by the arrangement of the polymer blocks in their structural backbone. PB-C (Fig. 4c ) copolymer was devoid of any crystalline peak suggesting its amorphous nature. A previously published report suggested that a decrease in crystallinity enhanced the degradation of block copolymers which is anticipated from thermosensitive gelling copolymer [18] .
Phase transition (gelation) of PB-C thermosensitive gelling copolymer The thermosensitive gelling copolymers were amphiphilic in nature, containing hydrophilic block (PEG) and hydrophobic block(s) of PCL and/or PLA. The aqueous solution of PB-C was observed clear due to the self-assembly of polymeric chains into micellar structure which showed aggregation upon increasing the temperature and resulted in the gel formation. However, upper gel-sol conversion was due to an increased molecular motion of the hydrophobic chain of PCL and PLA. The aqueous solution of PB copolymers exhibited a sol-gel transition response upon increasing the temperature in the concentration range of 10-30% wt/wt. The transition temperature was found to be a function of copolymer concentrations. The phase diagram shown in Fig. 5 revealed the critical gel concentration (CGC) from the solution to gel state conversion at 37°C. This physicochemical property makes these copolymers suitable for drug delivery applications.
In vitro biocompatibility studies of copolymers
The release of various cytokines releases such as TNF-α, IL-6, and IL-1β in culture supernatant following 24 h exposure to PB-A, PB-B, and PB-C copolymers were examined. The samples were analyzed via sandwich ELISA method. Results depicted in Fig. 6 indicated the release of TNF-α (~200 pg/ ml) in both groups, i.e., PB-A, PB-B, and PB-C. However, the values were comparable to the negative control (cells without treatment) with no significant differences. Similarly, a negligible release of IL-6 and IL-1β was observed, suggesting that these copolymers are safe for use. These synthesized polymers did not induce any immune responses to the RAW 264.7 cells at higher than the working concentrations. Therefore, PB copolymers used in this study are considered as biocompatible and safe for further studies.
Formulation and characterization of copolymer based NPs
Formulation of NPs The Lyz-, Fab-, and IgG-encapsulated PB copolymers based NPs were successfully prepared by W 1 /O/W 2 double emulsion solvent evaporation method. Particle size and PDI The particle size of NPs was observed in the range of~200-270 nm (Table 2) . A unimodal size distribution with a narrow PDI of (< 0.5) of NPs was observed. These results suggested that the hydrodynamic diameter of macromolecules had no significant effect on the particle size distribution of NPs.
EE% and DL% evaluation As presented in Table 2 , the EE of Lyz, and Fab in PB-A NPs were~42% and~45% w/w, respectively. The low EE of NPs is probably due to the high hydrophilicity of macromolecules escaping from primary emulsion phase during the NPs synthesis to the large volume of the external phase. However, NPs prepared from PB-B copolymer exhibited a slightly higher EE~49% w/w for Fab compared to PB-A NPs. This could be due to the reason that the high hydrophobicity of PB-B copolymer relative to PB-A may have produced a rapid polymer precipitation to form the NPs during the solvent evaporation step and provided a slightly higher EE (12) . It is also plausible that EE and DL were affected by the increased ratio of lactide during the NP preparation. The hydrophobic segment of PLA-PCL chain and the hydrophilic drug were associated with the PEG core which reduced the escape to the outer aqueous phase. Also, the EE and DL of IgG (molecular weight~150 kDa) encapsulated in PB-B NPs was calculated to determine the effect of molecular weight in EE and DL of PB copolymers. Results showed that due to the high molecular weight and hydrophobicity of PB-B, it was able to encapsulate (~51% w/w) the high molecular weight macromolecule (Table 2) . Overall, the application of high molecular weight of PB copolymers ensured a higher EE and DL of large molecules encapsulated in NPs.
In vitro drug release studies
In vitro release profile of different molecular weight of macromolecules Lyz (~14.5 kDa), Fab (~50 kDa), and IgG (1 50 kDa) were evaluated for (A) PB-A-and PB-B-based NPs and (B) PB-A and PB-B NPs embedded in 15 wt% thermosensitive gelling copolymer (PB-C). The PB-A NPs formulations of Lyz and Fab demonstrated a biphasic release profile, i.e., initial burst release followed by a sustained release as shown in Fig. 7a , b, respectively. Lyz and Fab exhibited the burst release of~21% and~19%, respectively, from PB-A NPs due to the presence of surface adsorbed drug. An approximately 80% drug release from PB-A NPs was observed for Lyz and Fab in~13 and~35 days, respectively. Hence, to eliminate and/or minimize the burst release effect and to offer a long-term drug release profile throughout the release period, hydrogels have been utilized in the formulation development. Lyz-and Fab-encapsulated PB-A NPs were suspended in the aqueous solution of thermosensitive gelling polymer (PB-C) termed as composite nanosystem. The aqueous solution of PB-C copolymer remains in the liquid state at room temperature, but, immediately transitioned from solution to hydrogel at the physiological temperature of 37°C (sol-gel transition mechanism) entrapping NPs throughout the polymeric matrix. About 80% cumulative release of Lyz was observed from composite nanosystem for~27 days compared to~13 days in PB-A NPs (Fig. 7a) . Moreover, a prolonged release of Fab was observed as analyzed up to~49 days from PB-A NPs (Fig. 7b) . This was due to the reason that NPs suspended into the gel matrix provided an additional diffusion barrier to the surface adsorbed drug. It also led to a sustained and long-term release pattern of the encapsulated drug throughout the release period [11, 19] . The effect of the molecular weights of the PB copolymers (PB-A and PB-B) on the release of Fab has been studied. Composite nanosystems of Fab (PB-A and PB-B NPs embedded in gelling copolymer) demonstrated a long-term sustained release profile as depicted in Fig. 8a . Although PB-A copolymer promised a longer release profile relative to PB-B, but, composite nanosystem of PB-B showed a faster drug release profile compared to the PB-A copolymer. It might be due to the higher drug loading in PB-B NPs owing to the higher molecular weight and reduced crystallinity of PB-B compared to the PB-A copolymer.
The in vitro release profile of NPs formulations of Fab (Fig.  8b) and IgG (Fig. 9a) showed similar profiles as discussed above. The results showed that Fab exhibited a higher burst release (~21%) relative to IgG (~18%) from the NPs alone. Similarly, composite nanosystems minimized the burst release (~10%) and (~8%) of Fab and IgG as shown in Figs. 8b and 9a , respectively. The IgG composite nanosystem sustained its release for more than 8 weeks with high molecular weight PB-B. The in vitro release profiles of Lyz and Fab from PB-A copolymer and Fab and IgG from PB-B copolymer based formulations suggested that the hydrodynamic diameter of macromolecules exerted its effect on drug release as depicted in Figs. 9b and 10a, respectively. The results suggested a higher burst release and shorter release duration for Fab relative to IgG from their respective NPs. Lyz has a smaller hydrodynamic diameter compared to Fab which probably led to its rapid diffusion through the polymeric matrices of NPs and composite nanosystem. The comparative release profiles of composite nanosystems studied in this study was represented in Fig. 10b .
In vitro drug release kinetics
In order to evaluate the release mechanisms of NPs, in vitro drug release data were fitted in First-order, Higuchi, HixsonCrowell, and Korsmeyer-Peppas kinetic models. Results presented in Table 3 were suggested an anomalous diffusion controlled release mechanism. Hence, the release of macromolecules from composite nanosystem was controlled by diffusion as well as degradation of copolymer.
Enzymatic activity of Lyz in the released samples
The biological activity of Lyz in the released samples taken at different time points was displayed in Table 4 . It was observed that the enzyme activity in the released samples diminished with time due to the reason that macromolecules remained in the release medium for a long time interval. In addition, hydrophobic residues caused the protein adsorption on polymer surface that resulted in the loss of biological activity of the entrapped protein. A decrease in enzymatic activity can be attributed to storage conditions which may not be the expected case under in vivo conditions. It is anticipated that during the NP preparation (W 1 /O/W 2 double emulsion), PEG (hydrophilic block) may have oriented at aqueous-organic interface. Hence, PEG may have reduced the interaction of Lyz with the hydrophobic polymer segments (PCL and PLA) which avoided the denaturation of large molecules. Therefore, it was concluded that enzyme activity of the entrapped Lyz was lower due to longer exposure in the release medium.
Conclusion
The presented study discussed the synthesis and characterization of PB copolymers for the preparation of the composite nanosystem to achieve a controlled and long-term drug release profile of macromolecules. In order to eliminate the burst release phase, a novel composite nanosystem comprised of Lyz-, Fab-, and IgG-encapsulated PB-A and/ or PB-B NPs suspended in PB-C thermosensitive gel was successfully formulated. It was observed that the hydrodynamic diameter of macromolecules exerted its effects on drug release. The peppas model was the best fit model, suggesting that the release rate was controlled by diffusion and degradation of copolymers. Results confirmed that the PB copolymer based composite delivery system are able to minimize the side effects associated with repeated every month intravitreal injections by lowering the injection frequency. In addition, the synthesized PB copolymers are biocompatible in nature and can be considered excellent biomaterials for ocular delivery. The enzyme activity of Lyz was observed up to 3 weeks. The integrity or stability of the protein molecule was not addressed in this work and an assessment of the compatibility of the polymers with the macromolecule remains to be elucidated in the future studies. However, the nanoformulations were optimized to achieve a high drug loading. This was essential so that a small volume of intravitreal injection containing a higher dose can be injected. This was also targeted in order to achieve a long-term delivery up to 3-6 months with an amount release of 2-10 μg/day. Overall, the outcomes from this study clearly suggested that the PB copolymers based control drug delivery system may serve as a promising platform not only for the back of the eye complications but also for the treatment of anterior segment eye diseases.
